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t r a c t a r t i c l e i n f o Introduction
With the development of high-resolution peripheral quantitative computed tomography (HR-pQCT), a direct quantification of three important determinants of bone quality: microarchitecture, mineralization and biomechanical properties has become possible. This technique enables in vivo measurements at peripheral sites such as the distal radius and tibia, with a nominal isotropic voxel size of 82 μm. Bone microarchitecture parameters measured by HR-pQCT have been found to be associated with prevalent fracture in postmenopausal women and older men independently of areal bone mineral density (aBMD) [1] [2] [3] [4] [5] . Bone strength, estimated using micro-finite element analysis (μFEA), was also associated with prevalent fracture [6] [7] [8] [9] [10] [11] [12] [13] [14] . Moreover, HR-pQCT has been used to assess age-related bone loss [15] [16] [17] [18] [19] and to monitor variations in microarchitecture parameters during osteoporosis treatments [20] [21] [22] [23] [24] [25] [26] .
The reproducibility of in vivo measurements is affected by significant sources of error including: poor calibration, movement artifacts, physical positioning, and scanning region selection for maximizing repeated measurements. By providing careful instructions to the subject, it is possible to improve reproducibility via reduction of movement artifacts, however the repositioning remains challenging.
With the standard scanning approach, immobilization of the arm or leg in an anatomically formed carbon fiber shell is used to provide support during the examination, and a reference line relative to anatomical landmarks is used to select the scanning region. Nevertheless, the repositioning of the limb in the exact same way remains a manual process with limited precision, and subsequently differences in scanning region exist between baseline and follow-up scans.
To overcome part of the repositioning error, a cross-sectional area (CSA) registration method was embedded within the HR-pQCT software (Image Processing Language, v5.16, Scanco Medical AG, Brüttisellen, Switzerland). This method was designed to correct axial misplacement between successive scans but did not take into account possible tilt of the limb. Given the dimensions of the scan region, even small tilt angles can lead to a considerable mismatch in the selected region. Only a three dimensional (3D) image registration process could provide an accurate alignment of the repeated scans, and thus may offer an improvement in the reproducibility of bone measurements by decreasing the repositioning error.
Indeed, Macneil et al. have reported an improved reproducibility with 3D registration based on gray-level images, most markedly for total and cortical volumetric BMD but not for trabecular morphological parameters [27] . Shi et al. introduced a 3D registration method based on registered masks after down-sampling gray-level images and demonstrated that bone density and trabecular architecture were comparable with those obtained using the CSA registration method [28] .
So far, however, no study has reported the impact of 3D registration on the reproducibility of cortical microstructural parameters, which may be affected by small tilt errors more than the trabecular bone parameters. Also, none of these earlier studies investigated whether 3D registration could improve the reproducibility of the biomechanical parameters. Finally, the different studies conducted so far used different registration software and algorithms. Recently, a 3D registration algorithm has become available as part of the standard HR-pQCT software, which makes this available to all users. To date, no results were reported with regard to the reproducibility of this algorithm and implementation and validation relative to other studies was lacking.
The aim of our study was to apply a fully automated 3D registration process between repeated measurements to determine whether shortterm reproducibility of bone microarchitectural and biomechanical parameters could be improved compared to using non-registered images and using the standard CSA-based registration method, at the radius and tibia.
Materials & methods

Subjects
In vivo measurements were performed in 15 healthy subjects (aged 21-47 years), with no history of previous fracture, or bone-related ailments (recorded by a questionnaire). All of them were scanned three times within one month at both the non-dominant radius and tibia [29] . The time lag between two measurements varied between the same day, after complete repositioning, and a week. All measurements were performed by a single operator, who had been managing the system for one year.
The protocol was approved by an independent Ethics Committee, and all subjects gave written informed consent before participation.
Data acquisition
The HR-pQCT device (XtremeCT; Scanco Medical AG, Brüttisellen, Switzerland) acquires 110 parallel CT slices representing approximately 9 mm in the axial direction at the radius and the tibia with a nominal voxel size of 82 μm (spatial resolution 105 μm (10% MTF)).
An antero-posterior scout view was used to define the measurement region by manually placing a reference line at the endplate of each skeletal site. As specified by the manufacturer, the first CT slice was 9.5 mm and 22.5 mm proximal to the reference line for the radius and tibia, respectively [1] . The baseline scout view was displayed on the screen at each follow-up measurement for visual comparison.
Image quality
Image quality was independently graded by two trained observers (RE and SB), according to the manufacturer-suggested image grading system. Five different grades were defined from grade 1 (no visible motion artifacts) to grade 5 (severe motion artifacts). Major criteria for degraded quality due to motion were based on presence and extent of horizontal streaking, disruption of cortical contiguity and trabecular smearing [30] .
Image registration
Three different methods were used to compare follow-up measurements: (i) without registration, i.e., on 110 slices per measurements, (ii) on the common region after CSA-based registration, and (iii) on the common region after 3D registration.
The 3D rigid registration method used (Image Processing Language, V5.16, Scanco Medical AG, Brüttisellen, Switzerland) [31, 32] was applied to the gray level images (110 slices), where the second and the third images were registered separately to the first one (reference image). The registration was applied only to the volume within the periosteal contours as determined using the standard workflow by an edge detection algorithm. In this way noise or any other structures outside the bone did not affect the results. No filtering or segmentation operations were performed on these VOIs before registration.
The registration was done in two steps: in the first step the center of mass of both images are aligned. In the second step, the actual 3D rigid registration was performed first after reducing the resolution by a factor 10, then by a factor 4 and finally using the full resolution images. The use of these different resolution steps avoids registration errors and speeds up the process. A Simplex algorithm was selected to find the transformation that optimizes the correlation coefficient between both images and linear interpolation was used for the transformation since it was found that cubic interpolation only led to minor improvements while considerably increasing cpu time (which was now on the order of minutes for the whole procedure).
The 3D registration provides a 4 × 4 transformation matrix that contains rigid body rotations and translations needed to transform the follow-up image to the baseline image.
The overlap between the masks of the baseline and transformed follow-up images represent the largest common volume. For all morphology and density analyses, the transformed images were not used for the actual measurements. Instead, the mask of the common region was transformed back in the frame of the follow-up images. The actual morphology/density analyses were then done on the non-transformed follow-up images, processed according to the standard procedure, on the previously defined common region (Fig. 1) , so that errors associated with interpolating original images were not introduced [33] .
For the FE-analyses, this approach could not be used since the largest common volume generated in this way generally will not have flat distal and proximal ends which are required for FE analyses. For these analyses, the transformed gray-level follow-up images were used. In this case, the baseline images and the transformed follow-up images were processed following the standard procedure recommended by the manufacturer. The largest common volume mask was then cropped on its distal and proximal end until flat ends were obtained and applied as a mask to select the region for FE analyses in the baseline and transformed follow-up images.
3D registration accuracy
The accuracy of this 3D registration approach has not been previously reported on HR-pQCT images, but the algorithm has been previously used on ex vivo samples scanned at different resolutions [31] and on in vivo μCT images of rats with an isotropic resolution of 15 μm and gave satisfying results [32] . Our first validation step was to carefully visually check the registration result by overlying segmented baseline and transformed follow-up images into one image and color-code the result [34] for all patients. The quality of the registration was further quantified by the final value of the correlation coefficient between images.
Moreover, we have estimated the accuracy of our approach by comparing a subset of 10 original and transformed HR-pQCT in vivo images (5 radii and 5 tibia). The applied transformation consisted of a rotation of 5°and a translation of 1 mm in the x-and y-axes. The 3D registration process was then applied between the original and the transformed images. The common VOI was thereafter applied to the original image and results between common VOI and full original VOI were compared.
Density and morphological measurements
For density and morphological measurements, the evaluations were performed on the three previously determined volumes of interest (VOIs) where radius and tibia were separated into cortical and trabecular bone using a semi-automated double contouring method [35] . The parameters evaluated were divided into 4 groups. In the first group, were geometry parameters: total volume (Tt.TV, mm 3 ), cortical volume (Ct.TV, mm 3 ), trabecular volume (Tb.TV, mm 3 ) and mean cortical ), trabecular separation (Tb.Sp, μm), trabecular distribution (Tb.Sp.SD, μm) and trabecular thickness (Tb.Th, μm). Tb.Sp and Tb.Th were calculated using standard methods from histomorphometry (i.e., Tb.Th = (BV / TV) / Tb.N and Tb.Sp = (1 − BV / TV) / Tb.N; with BV / TV = 100 × Tb.vBMD / 1200) [1] , as well as directly measured (Tb.Sp* and Tb.Th*) [36] . The final group consisted of cortical structural parameters. Cortical porosity was quantified by two ways: total cortical porosity and intracortical porosity [35, [37] [38] [39] . The total cortical porosity (Ct.Po, %) was calculated as 1 − BV / TV of the cortical bone compartment, including endosteal and periosteal voids, transcortical erosions and objects with a volume less than 0.003 mm 3 (5 voxels) which likely represent spurious artefactual features rather than a true Haversion canal [35, [37] [38] [39] . The intracortical porosity (intraCt.Po, %), represents the porosity due to Haversian canals, and did not include all the previously mentioned features [35, [37] [38] [39] . Finally, the intracortical pore volume (intraCt.Po.V, mm 3 ) and the mean and distribution of the intracortical pore diameter (respectively intraCt.Po.Dm and intraCt.Po.Dm.SD, μm), were measured using direct methods [35, 36] .
Finite element analysis (FEA)
μFEA was performed on the entire stack (without registration), on the CSA-based common volume and on the 3D based registered VOIs. For the first two cases, thresholded images as obtained from the standard analysis procedure were used. As described previously, for the μFEA based on 3D registration, the original gray-level images were transformed to fit the frame of the baseline image, and were then segmented and cropped at the proximal and distal ends to obtain flat surfaces. Bone voxels in the segmented images were further converted into equally sized brick elements [40] and material properties were assumed to be isotropic and linear elastic, with a Young's modulus of 20 GPa and 17 GPa for cortical and trabecular bone elements respectively [41] , and with a Poisson's ratio of 0.3 for all elements. Applied boundary conditions represented high-friction compression tests in the axial direction [10, 11, 14] .
In addition to stiffness (kN/mm), μFEA-derived variables used in our study also included the average and SD values of the von Mises stress in the trabecular and cortical bone (Tb av stress and Ct av stress; Tb SD stress and Ct SD stress, all in MPa) and the percentage of load carried by the distal and proximal trabecular and cortical bone surface (% Tb distal, % Tb proximal, % Ct distal and % Ct proximal load respectively).
Statistical analysis
For each subject, a coefficient of variation (CV) was calculated as the standard deviation (SD) of the three repeated measurements, divided by the subject mean [29] . The short-term reproducibility of bone microarchitecture measurements and μFEA-derived variables was calculated as the root mean square coefficient of variation (CV rms ), for each of the three registration methods [29] and the least significant detectable change (LSC) was calculated as follows [42] :
Differences in reproducibility between methods were evaluated by an analysis of variance followed by post-hoc analysis (Scheffe test) for pair-wise comparisons. Differences between reproducibility measured at the radius and tibia were evaluated using Student's t-test.
Intraclass correlation coefficients (ICC) were also calculated, as described by Shrout and Fleiss [43] and varies between 0 and 1, with 1 indicating perfect reproducibility.
F0 is the ratio of between-subject mean squares over the residual within-subject mean squares and n is the number of repetitions (current study n = 3).
All statistical analyses were performed on STATA 12.0 software (Stata, College Station, TX, USA).
Results
Image quality
Among the 90 measurements, only one scan (grade 4) was excluded and repeated on the same day. The image quality ranged from grade 1 to grade 3 (grade 1: n = 10 / 25, grade 2: n = 22 / 17, and grade 3: n = 13 / 3, for the radius/tibia respectively).
3D registration accuracy
The 3D registration process was applied on a subset of 10 original and transformed images. The common VOI was thereafter applied to the original image with a mean overlap of 99.8% at the radius and 99.9% at the tibia compared to baseline VOI. Results between common VOI and full original VOI showed differences in total volume and vBMD lower than 0.2%. Trabecular parameters were not affected and small differences were observed for cortical parameters (difference in CT.TV: 0.9 ± 0.1% at the radius and 0.4 ± 0.7% at the tibia). These differences were mostly due to the fact that the common volume is slightly smaller than the original mask, leaving differences in the analysis region at the mask surfaces. This affects in particular the calculation of the Ct.Po since its value is dependent on the precise definition of the periosteal boundary. Indeed, Ct.Po including endosteal and periosteal voids was affected by the process (7.3 ± 3.9% and 4.2 ± 5.4% at the radius and tibia) while intraCt.Po was not (0.0 ± 0.0% at both sites). For the reproducibility study, we obtained a good visual (Fig. 2 ) and quantitative agreement (correlation coefficient r N 0.92) for all 3D registrations.
Descriptive analysis
The mean values for geometry, density, microstructure and biomechanical parameters at the radius and tibia, with and without registration techniques are presented in Tables 1 and 2 . The reproducibility (CV rms ) and the LSC s are presented respectively in Tables 3 and 4 . Then, the ICC s values are presented in Tables 5 and 6 .
The reproducibility analysis performed on the entire VOI, i.e. with no registration technique, showed that the ICC s values for geometry measures ranged from 0.953 to 0.983 at the radius and from 0.980 to 0.998 at the tibia (Table 5 ). However the ICC s of cortical structure parameters were much lower (0.633 to 0.926) ( Table 5) . Reproducibility of μFEA variables showed that the LSC s of stiffness were equal to 13 and 24 kN/mm at the radius and tibia site respectively, and ranged from 0.2 to 0.6 MPa for stresses (average and SD) ( Table 4) .
With the CSA based registration, the percentage of the common region retained for analysis between baseline and follow-up scans was 93.6% at the radius and 96.6% at the tibia (Tables 1 & 3) .
The application of the CSA registration method resulted in ICC s higher than 0.976 for geometry parameters at both sites (Table 5) . For density measures, LSC s ranged from 6 to 22 mg/cm 3 at the radius and from 10 to 30 mg/cm 3 at the tibia (Table 3 ). The reproducibility of cortical structure parameters was poorer compared with other parameters (4.2 ≤ CV rms ≤ 21.2), therefore the LSC s for Ct.Po and intraCt.Po ranged from 0.30% to 1.19% and the LSC s for pore diameter and distribution ranged between 13 and 24 μm at both sites (Table 3) . ICC s of biomechanical variables were comprised between 0.745 and 0.973, except for the trabecular average and SD stress at the radius (0.673 and 0.666 respectively) ( Table 6 ). Using the 3D registration, the common region was smaller than with the CSA method, comprising 91.8% and 94.0% of the baseline VOI for the radius and tibia (Tables 1 & 3 ). The LSC s of geometry parameters (Tt.TV, Ct.TV and Tb.TV) ranged from 7 to 17 mm 3 at both sites (Table 3) , with ICC s ≥ 0.998 (Table 5 ). The LSC s of density measures ranged from 5 to 28 mg/cm 3 and from 0.19% to 1.03% for the intracortical and total cortical porosity at both sites (Table 3) . For biomechanical properties, ICC s values of stiffness were equal to 0.962 and 0.978 at the radius and tibia respectively, however ICC s values of average stresses and their SDs were slightly lower at both sites (Table 6) .
Differences between techniques
Geometry, density, microstructure and biomechanical baseline values were similar between all registration techniques. Moreover, Table 1 Geometry, density and microstructural parameters (mean ± SD) at the radius and tibia without registration, after CSA-based and 3D registration. Table 2 Biomechanical parameters (mean ± SD) assessed by μFEA at the radius and tibia without registration, after CSA-based and 3D registration. ICCs and LSCs have been compared between registration techniques and were consistent with the CV rms differences, therefore only differences between CV rms are reported below. For Tt.TV, Tb.TV and Ct.Th, applying the CSA method resulted in a significant improvement in reproducibility at the radius, compared to CV rms values found without registration (p b 0.01) (Fig. 3) . There was also a significant improvement in the reproducibility of total density at the radius (1.0% vs. 2.6%, p b 0.01), however no significant improvement was shown for other density, trabecular, cortical or biomechanical parameters (Figs. 3 & 4) .
Using the 3D registration, the reproducibility of geometry parameters at both sites was significantly improved compared to that obtained without registration (p b 0.01) (Fig. 3) . Compared to the CSA method, the 3D registration improved the reproducibility of both Ct.TV and Ct.Th at the tibia and only that of Ct.TV at the radius (p b 0.05) (Fig. 3) . Moreover, reproducibility of Tt.vBMD at the radius was improved compared to that without registration (0.5% vs. 2.6%; p b 0.01) (Fig. 3) .
At the radius, the reproducibility of the cortical structure parameters (Ct.Po, intraCt.Po and intraCt.Po.V) was improved after 3D registration vs. without registration (all p b 0.05) and further to CSA registration (all p b 0.05) (Fig. 3) .
The reproducibility of these parameters at the tibia was also improved when 3D registration was employed (ranged from 2.4 to 3.9%) compared to that without registration (ranged from 8.0 to 13.3%; p b 0.05) and to that after the CSA registration (ranged from 8.0 to 13.5%; p b 0.05) (Fig. 3) . However, there was no improvement for the trabecular microstructure compared with other registration methods.
For μFEA, only the reproducibility of the cortical stress (average and SD), at the radius was improved compared to that without registration (cortical average stress: 0.4% vs. 1.0% and cortical SD stress 1.4% vs. 3.3% respectively, all p b 0.01) (Fig. 4) . Table 3 Short-term reproducibility (CV rms , %) and least significant change (LSC, parameter units) of geometry, density and microstructural parameters without registration, after CSA-based and 3D registration, at the radius and the tibia. Difference between sites was assessed by Student's t-test. Significantly different between radius and tibia using the CSA registration. c Significantly different between radius and tibia using 3D registration.
Table 4
Short-term reproducibility (CV rms , %) and least significant change (LSC, parameter units) of biomechanical parameters assessed by μFEA without registration, after CSA-based and 3D registration, at the radius and tibia. Difference between sites was assessed by Student's t-test. Significance of comparison is noted as follows: a Significantly different between radius and tibia without registration. b Significantly different between radius and tibia using the CSA registration. c Significantly different between radius and tibia using 3D registration.
Differences between the radius and tibia
Without registration, the reproducibility of Tt.TV, Tb.TV and Ct.Th was poorer at the radius than at the tibia (Tt.TV: 2.3% vs. 0.5%, Tb.TV: 3.5% vs. 0.8% and Ct.Th 3.7% vs. 1.4% respectively, all p b 0.01). By contrast no significant difference was found for density measurement except for the Tt.vBMD (2.6% vs. 1.5%; p b 0.01) ( Table 3 ). The reproducibility of cortical parameters including Ct.Po, intraCt.Po, intraCt.Po.V and intraCt.Po.Dm.SD was significantly better at the tibia than at the radius (p b 0.05) ( Table 3) .
When the CSA-based registration method was employed, only the reproducibility of the previous cortical microstructure parameters and Tt.TV was significantly different between the radius and tibia (p b 0.05) ( Table 3) .
Applying the 3D registration, the reproducibility analysis showed a significant difference between both sites for Tt.TV, Ct.TV and Ct.Th (0.3% vs. 0.1%, 0.5% vs. 0.4%, and 0.7% vs. 0.5%, respectively, all p b 0.05) ( Table 3) . For density measures, only the CV rms of Tt.vBMD reached significance (0.5% vs. 1.0%; p b 0.05) ( Table 3) . For all cortical parameters the reproducibility was poorer at the radius than at the tibia (all p b 0.05) ( Table 3) .
Regardless of the registration method, the μFE analyses revealed that the reproducibility of the cortical average stress, the percentage of load carried by the distal and proximal trabecular bone and the distal cortical bone was poorer at the radius when compared to the tibia (all p b 0.05) ( Table 4) . By contrast, no significant difference was observed for the reproducibility of stiffness and trabecular stress (average and SD von mises stresses) ( Table 4) .
Discussion
We have evaluated the in vivo clinical performance of the HR-pQCT system to longitudinally assess bone changes, by determining shortterm reproducibility of geometry, density, microarchitecture and biomechanical measures at the distal radius and tibia, using two different registration methods.
We found that the CSA registration improved reproducibility of the geometry measures and the radius total density, compared with no registration. 3D registration further improved the reproducibility of the cortical geometry and microstructure parameters, compared to the analysis with no registration and to CSA-based registration. However, trabecular density and microarchitecture were not improved by any registration technique. This likely relates to the uniformity of the cancellous structure, implying that a small difference in scanning area will not affect the results substantially. The fact that registration could considerably improve the reproducibility of the cortical parameters likely relates to the fact that even small angular deviations can affect the analyzed region in the cortical bone (Fig. 2B ), as observed with the improvement of cortical bone reproducibility with 3D registration.
The reproducibility was significantly better for the tibia than for the radius, especially for the cortical microstructural measures. In almost all cases, this finding was independent of the registration method used. Differences between radius and tibia reproducibility have been reported in earlier studies, possibly stemming from more common movement artifacts at the radius (10 grade 1 images at the radius vs. 25 at the tibia) [30, 44, 45] . Since movement artifacts cannot be corrected by the image registration procedure, it makes sense that these differences were independent of the registration used.
The short-term reproducibility of CSA-based registered HR-pQCT measurements has previously been reported using the standard segmentation of the cortical and trabecular compartments [1, 27, 28] and using the method based on double contouring of the cortical compartment [35, 46] . The reproducibility reported in these earlier studies for geometry, density and structural parameters was similar Significantly different between no registration and 3D registration.
to those reported for the CSA-based registration in our study. Also, the reproducibility of stiffness measurements was similar to values reported in an earlier study [27] . The lower reproducibility of cortical microarchitecture is consistent with both ex vivo and in vivo studies. Burghardt et al. [46] have demonstrated, using a cadaveric radius phantom, that the CV rms of bone density, microarchitecture and biomechanical parameters after CSA-based registration were b 1%, while they were greater for cortical porosity, up to 8% [46] . In their study, CSA-based registration led to significantly better reproducibility of geometry parameters and Tt.vBMD compared to the case without registration. Yet, their method was designed to correct axial misplacement between successive scans and did not take into account any possible tilt, which could affect the common region.
Using the same approach, we confirm that our reported reproducibility lies within the same range observed in other studies showing density CV rms ranging from 0.2% to 4.7% and microarchitectural parameters CV rms raging from 2% to 20% [19, 30, 35, 44, [46] [47] [48] [49] [50] .
Consistent with our findings, MacNeil et al. [27] reported an improved in vivo reproducibility of total and cortical bone densities when using 3D registration. Unfortunately, in that study, the impact of 3D registration on the reproducibility of cortical microstructure was not evaluated and the reproducibility of biomechanical parameters was assessed only using the CSA registration method, with a stiffness reproducibility b3.5%, similar to our findings. However their volumetric densities and trabecular structure parameters were slightly more reproducible than our parameters. Using a 3D registration method, they observed that CV rms calculated from images with no motion artifacts ranged from 0.2% to 0.8% for density measures and from 2.8% to 3.5% for trabecular parameters at both sites. However, they reported a smaller common region retained for analysis (82% vs. 91% for the radius and 88% vs. 94% for the tibia), presumably due to a relatively important angular deviation between measurements. They also found less reproducible values for Ct.Th (1.3% vs. 0.7% for the radius and 1.5% vs. 0.5% for the tibia) compared to our reproducibility numbers.
Our reproducibility findings using 3D registration are also consistent with the in vivo μCT reproducibility findings of Nishiyama et al. [33] who reported that such approach led to a significant improvement in reproducibility in most parameters for the mice and rats.
For the present μFEA results, using image registration did not improve much the reproducibility (with the exception of cortical stress). Considering this, it is important to note that using 3D registration also has some important disadvantages for μFE-analyses, since it will reduce the size of the common region to an average of 88.4% for the radius and 81.9% for the tibia, depending on the alignment obtained during scanning which can be patient-specific (Table 4 ). This has two important consequences. First, the reduction in size will imply that the morphological and μFE analyses are obtained for different regions, unless the morphological parameters are limited to the smaller region required for the μFE analyses as well. Second, and more importantly, since parameters such as stiffness are linearly dependent on the height of the common region, using registration (either CSA or 3D) will introduce variation in stiffness that relates to variation in the common region height between subjects. For example, assuming the bone is rather homogeneous, a 10% decrease in height will lead to a 10% increase in stiffness. Since variations in height relate to alignment-errors during scanning (patient-specific), this is not desirable when making comparisons between patients or groups. The reduced height will also affect the load distribution parameters and possibly the stress distribution parameters. Although it is possible to correct the calculated stiffness for the differences in the common region height, its effect on other parameters is less predictable. Since the registration only marginally improved the reproducibility of mechanical parameters, it thus cannot be recommended.
It should be noted that our study had some limitations. First, the sample size was relatively small and consisted of relatively young and healthy individuals. It is possible that the reproducibility will be different for older and osteoporotic subjects with thinner cortices and less dense trabecular bone structures. Second, motion artifacts represent a common finding during HR-pQCT image acquisitions. From previous studies it has been reported that increased subject motion introduces artifactual errors resulting in higher trabecular number, and lower cortical thickness and bone mineral density [45] . These errors are substantially more pronounced for microarchitectural measures compared to densitometric measures [44, 51] . Motion artifacts will also result in reproducibility errors but might also affect the image registration. Presently it is not known to what extent such artifacts contribute to the reproducibility.
In conclusion, we have established the short-term reproducibility of the HR-pQCT system to characterize longitudinal changes in bone microarchitecture and estimated biomechanical properties at peripheral skeletal sites. The use of CSA-based registration helps to improve reproducibility of geometry and some density parameters when compared to unregistered cases, but the 3D registration can considerably improve the reproducibility of cortical microstructural measures. For most density, trabecular microstructural and mechanical parameters however, only minor improvements are to be expected when using both registration methods. Better longitudinal assessment of cortical parameters, and hence their reproducibility improvement, may be of great interest since cortical bone play an important role in load bearing capacity. In treatment effect studies, large microarchitectural changes can occur, potentially leading to a reduction in 3D registration accuracy. If intermediate measurements are performed at different time points, however, it would be possible to register the first follow-up scan to the baseline image, the second follow-up to the first follow-up, and so on. The registration of baseline and any follow-up image can then be obtained by combining the incremental transformations.
The 3D image registration could be incorporated as a standard protocol in the future, and will be the essential technique to maximize in vivo reproducibility, to open new ways of detecting and tracking local changes in bone architecture (both gain and loss), under the influence of aging and treatment of diseases such as osteoporosis.
